The public building stock of a country, consisting of schools, offices, accommodation facilities, single-and multi-family homes, accounts for a high consumption of electrical and heat energy. Therefore, this stock is often object to actions with the goal of lowering this energy usage by increasing the efficiency of those buildings. This is usually done by applying measures to the building envelope like insulation and/or new windows and by using more efficient HVAC technology. But often, in the initial state, the current energy consumption of such a stock is unknown or only known for single buildings. In this case, the calculation of energy and costs savings is either impossible or not exact. This paper shows a way to quantify and categorize the end-energy for heat use of the public building stock in Luxembourg, which consists of 1,744 Mio. m 2 gross area, while the information about this stock was incomplete in the first place.
Introduction
In the national energy efficiency plan of Luxembourg [1] , retrofitting of old buildings plays an important role. Especially the big stock of institutional buildings, built before the first national energy regulation for buildings in 1995 [2] , shows big potential to lower its energy consumption. The stock consists of single-and multi-family homes, schools, commercial buildings and accommodation facilities. In order to develop retrofit strategies, the consumed end-energy referring to heated gross area has to be captured and interpreted. Since there was no data concerning the heated gross area, the building age distribution and the energy demand available for those buildings, the analysis is based on a number of sample buildings, for which these parameters were either known or measured on site. With this data, an extrapolation towards the totality of the public buildings is achieved and an estimation of the condition of the public building stock in Luxembourg becomes possible. These values are compared to the results of a literature study of different European publications, in which the end-energy use of different building types and stocks are presented. In the following, all mentioned area data is defined as gross area (external). If there was another reference area used in the European studies, the values were translated according to available geometrical data in those studies. If only the net area was known, a factor of 1.25 was used to calculate the gross area.
Literature Study
Single-and multi-family homes. In a data collection of [3] Commercial Buildings. There exist several databases in Germany about the end-energy use of commercial buildings, but without distinguishing between construction year. According to [9] , the mean value across all building ages is 128 kWh/(m 2 a) which corresponds to the mean value of the category lowtechnological buildings of another German study [10] . Bulgarian and Luxemburgish buildings show similar mean values around 130 kWh/(m 2 a) [7] , while the mean value for low-technological buildings in Luxembourg is 56 kWh/(m 2 a) [11] . The more complex the technology in a building, the more likely is a consumption of electrical end-energy of more than 100 kWh/(m 2 a) [12] . To lower the end-energy use of commercial buildings, it seems, that it is crucial to lower heating and cooling loads, while keeping the complexity of building technology as low as possible to avoid a substitution of heating energy with electrical energy, resulting in high primary energy values [10] . to lower the transmission losses by applying insulation of the building envelope.
The optimal thickness of this insulation layer depends on assumptions and the current state of the building. When short calculation times are assumed, the optimum lies between 6 and 9 cm [17] , [18] , [19] . A change of windows, even if a replacement of windows is necessary because of other reasons, is almost never worthwhile [21] , [22] . In a Belgium study, the insulation of the upper floor ceiling is considered to be the most economically action, followed by the insulation of the basement ceiling and a replacement of the boiler, while the insulation of the facade and the change of windows do not show any economical potential [23] . The reason for this contradictory statement concerning the insulation of the facade could be, that [21] combined the action and costs with a renewal of the plaster, while [23] considered full costs for the insulation. In a study of [24] , single family homes were retrofitted. Start- 
Public building stock in Luxembourg
In this chapter, the stock of public old buildings managed by the Administration des Batiments Publics in Luxembourg is analyzed in terms of energy efficiency, in order to provide an overview and to estimate possible retrofit potential and costs. In Figure 1 we can see the different categories and total numbers of buildings. Since values about the energy demand, the age and the size of these buildings were not centrally recorded, these values for a certain amount of sample buildings had to be captured on site or in cooperation with facility managers in order to estimate mean values to be relevant for the whole stock. The end-energy demand including hot water was derived by analyzing the bills from several years if available or on-site meter data.
First, the heated gross area of the sample buildings were identified and the mean value calculated. According to the Kolmogorov-Smirnov-Test the samples were not normally distributed [31] . However, assuming a normal distribution of building stock as a whole, a t-test was used to calculate a confidence interval in which the real mean value of the whole building stock lies with a probability of 95 % [31] . The results are presented in Table 2 . To calculate the total gross area of the whole building stock, this mean value and its confidence interval boundaries were then simply multiplied with the total number of buildings of each category. While the total number of single family homes are the biggest group within the stock, the schools represent the biggest total heated gross area as seen in Figure 2 . In a second step, the end-energy use for heat including hot water was derived for a number of sample buildings. The mean value of those sample buildings and its standard deviation are then calculated and used as a basis for the calculation of the total end-energy demand for heat of the whole public building stock (see Table 3 ). The samples of every building group was normally distributed according to the Kolmogorov-Smirnov-Test. The heat demand of buildings with district heating was increased in calculation by 10 % to count for the process of the heat production [37] . The data was adapted to the degree days Gt20/15 of the mean value over several years in Luxembourg. As for the area, the gross value was considered, as it is easy to determine by the outer dimensions of the buildings. Table 4 shows the total consumed end-energy for heat including hot water by building type and the gross area per building type. The heated gross area of each building category can then be seperated in classes of low, normal and high consumption. This process is presented in detail using the example of the single family homes.
With a total number of 353, the single family homes count for a fairly big share of public buildings in Luxembourg. For 206 of them, the buildings structure, age and gross area was known (according to Table 2 ). For 30 of them (9 % of the total amount), the end-energy use was derived (according to Table 3 ).
The typical single family home is of 195 m 2 heated gross area (standard deviation 33 m 2 ) and consumes 181 kWh/(m 2 a) (standard deviation 31 kWh/(m 2 a)) of end-energy for heat. This goes along well with the results of other studies [3] , [4] , [5] , [6] . In Figure 3 the frequency distribution and the classification into low, normal and high consuming buildings according to Table 1 is shown. at costs of about 6 Mio. EUR (estimated costs according to Table 1 ). The same is possible for the buildings with normal consumption. Here, for costs of about 8 Mio. EUR, the total end-energy saved would be approx. 2.6 Mio kWh/a.
The same analysis was done for all building types. The results are presented in Figure 4 and Figure 4 : Heated gross area of old public buildings divided by consumption.
The target value of a retrofit is 90 kWh/(m 2 a) for schools and 100 kWh/(m 2 a) for all other building types. In Table 5 , the estimated costs of a retrofit of buildings with normal and high consumption are presented. As can be seen in Figure 5 as well as the installation of a mechanical ventilation system has to be carefully calculated for every single case.
